2019; . The earthquake patterns commonly highlight rift segments and 55 volcanic centres (map inset, Figure 1 ), and can be used to reveal faults systems and migration of 56 fluids or magma beneath active volcanoes. Despite improvements in monitoring, how individual 57 magmatic systems modify and interact with tectonic faulting in discrete portions of the rift remain 58 poorly understood. This is particularly the case for the central Main Ethiopian Rift (MER) ( Figure  59 1), since a previous lack of dense seismic networks means that very few earthquakes have been 60 detected. 61
The Main Ethiopian Rift (MER) is a magmatically active portion of the East African Rift System 62 (EARS) that lies between the Afar depression in the north and the Turkana depression in the south 63
( Figure 1 ). The MER includes nearly 60 volcanoes that are thought to have erupted in the past 64 10,000 years, of which Corbetti, Bora, Aluto and Haledebi are actively deforming (Biggs et al., 65 2011) . In particular, Corbetti is currently uplifting at 7 cm per year (Lloyd, Biggs, Birhanu, et al., 66 2018), making it one of the fastest deforming volcanoes on Earth. In addition, recent earthquake 67 activity near Corbetti has been significant. On the 24 th January 2016, a Mw 4.3 normal slip 68 earthquake occurred south of Corbetti that was widely felt in the town of Hawassa (Figure 1 ) 69 (Wilks, Ayele, et al., 2017) . Volcanoes in the MER have the potential to be used for geothermal 70 energy, a resource that is starting to be exploited in Ethiopia on Aluto and Corbetti volcanoes 71 (Gíslason et al., 2015; Kebede, 2014) . Hydrothermal systems are likely in volcanic fields due to 72 the interaction of the subsurface magma plumbing system with the ground water. 73 
82
Here we present a detailed study of the local seismicity at the Corbetti and Hawassa calderas, 83
following the January 2016 earthquake. Deformation studies also highlight structures that control magmatic and tectonics processes. Earthquakes were detected using the Coalescence Microseismic Mapping (CMM) technique 187 (Drew et al., 2013) . We generate our catalogue using only events with signal-to-noise ratio above 188 3. A total of 286 events were detected using these parameters over the duration of the experiment. 189
To improve the accuracy of the phase arrival times we manually refine a total of 3450 P-wave and 190 3641 S-wave arrival times using the entire network of 37 stations. 191 Vp/Vs ratio of 1.683 ± 0.003. Applying these criteria, 205
we determine a minimum 1D P-wave velocity model 206 (black curve, Figure 3) the presence of partial melt in the subsurface beneath our study area. 219 220
Earthquake location 221
The new velocity model is used to locate our catalogue of events with NonLinLoc (Lomax, 2008 analyses (Table S1) where A0 is the maximum zero-to-peak amplitude corrected to the response of a Wood-Anderson 232 seismograph, C is the station correction and r is the hypocentral distance in kilometres. 233
Considering the low number of earthquakes used in this study we chose not to calculate the b-234 value of the catalogue. 235 with the caldera rim, with the exception of two events beneath the centre of the caldera (green 266 events, Figure 5 ). The shallower activity (0-5 km), however, is clustered around the northwest side 267
of Urji and the west side of Chabbi (blue events, Figure 5 ). The events close to Chabbi form a NS-268 oriented cluster whereas the events next to Urji form three groups of earthquakes that align 269 subparallel and perpendicular to the cross-rift structure ( Figure 5 ). All shallow events seem 270 enclosed by the 3 hydrothermal vents in the caldera. Note also the small group of 4 earthquakes 271 located in the north, just outside the caldera, next to a hydrothermal vent ( Figure 5 ). However, the shallow seismicity occurs only north of this structure. 292 293
Hawassa 294
The events in the Hawassa area have a magnitude range between 1.2 to 4.2 (Figures 4, 6, 7) . The 295 seismicity is distributed between 5 and 16 km depth b.s.l. along the east shore of Lake Hawassa, 296
with most of the earthquakes located directly beneath Hawassa town ( Figure 6A ). The epicentral 297 locations seem to follow the curves of the lake shoreline ( Figure 6A ). 298 In contrast to the Corbetti earthquakes, the Hawassa seismicity is clustered in time (Figure 7) with 306 a small swarm of events in February 2016 mainly located on the northeast shore of Lake Hawassa, 307 and the main swarm in August 2016 located just south of Hawassa town, on the southeast shore of 308 Lake Hawassa (Figures 6, 7) . 
318
The profile in Figure 6B was made perpendicular to the August swarm and only uses events from 319 this cluster. The distribution highlights a steep, ~75° dip, fault beneath the lake and the town of 320
Hawassa ( Figure 6B ). Focal mechanisms all show normal faulting ( Figure 6 ). Correlation with the 321 distribution of the seismicity shows that the fault plane is likely to strike NE-SW and dip toward 322 the west ( Figure 6 ). 323 324
Lake Shalla 325
The Lake Shalla seismicity is located beneath the southeast corner of the lake and is distributed 326 between 5 and 30 km depth b.s.l. Focal mechanism solutions indicate normal faulting along the 327 O'a caldera wall (event 3), as well as beneath the lake (event 4) ( Figure 4) . thickness in this area (Scholz, 1988; Watts & Burov, 2003) . Moho depth estimates for this region 337 of the MER vary between 30 and 37 km (Dugda, 2005; Stuart et al., 2006) , and therefore beneath 338
Hawassa the imaged fault extends to the mid-crust (16 km depth). The seismogenic thickness is 339 similar to the maximum depth of earthquakes further north beneath the MER, constrained at < 18 340 km using a local seismic network . It is also consistent with the effective 341 elastic thickness in the MER, constrained at < 15 km by inversion of topography and gravity data 342 (Hayward & Ebinger, 1996 6, 7) . Most of these faults are inactive during our experiment, apart from the 363 two NS-striking faults on the eastern shore of Lake Hawassa. These two adjacent fault segments 364 seem to be active during discrete time periods. The activity on one segment may change the stress 365 field locally and induce activity on the adjacent segment (Cowie, 1998) to the reservoir could also be caused by thermally induced volume changes (contraction and 383 dilatation) of the surrounding rocks (Doubre et al., 2007) . 384 Measurement of Vp/Vs ratios can provide crucial subsurface constraints on rock type and fluid 385 content (Christensen, 1996) . The Vp/Vs ratio of 1.683 found for our catalogue is relatively low 386 compared to the global average of 1.75 (Christensen, 1996) solutions at Corbetti are mostly EW and NS but there is no conclusive evidence for which one the 405 fault plane is. Two groups of earthquakes in the Urji cluster seem to align in an EW orientation 406 ( Figure 5 ), subparallel to the cross-rift structure , indicating that 407 the EW nodal plane might be the fault plane. However, the northern group of Urji events and the 408
Chabbi cluster are aligned NS. Hence, as they get further from the pre-existing structure, the faults 409 seem to change strike from EW (tectonic rift-related stress field or stress due to upward fluid 410 migration from depth) to NS (possibly related to northward fluid migration). This variation in the 411 stress field is also evident in observations of shear-wave splitting in local events, which are 412 interpreted in terms of fracture-induced anisotropy ). The 413 anisotropy shows a roughly EW orientation south of the cross-rift structure and more NS to the 414 north. It is plausible that the stress is perturbed by strike-slip motion and pore-pressure effects 415 along the cross-rift fault. 416
The difference of focal mechanisms between Corbetti and in the rest of the rift valley show that 417 uplift processes modify the stress-field beneath the volcano. The presence of strike-slip and thrust 418 events at Corbetti vents can be explained by locally reducing the magnitude of the vertical stress 419 to be lower than the regional horizontal stresses. Lloyd, Biggs, Birhanu, et al. (2018) suggest that 420 the pressurization of a horizontal dislocation, or sill, oriented 097° and at 4.6 km depth b.s.l., fit 421 the volume change and uplift of the caldera (Figure 8) , and is consistent with our observations. 422
The inflation of a horizontal reservoir would decrease the vertical stress and increase the horizontal 423 stress, leading to a local change of the stress field at the volcano (Figure 8) with previous normal faulting events in 1983 and 1995, also located at WFB faults near the caldera 436 west wall. However, there is no evidence for any activity in this area during our period of study. 437
In the contrary, the swarm of activity in February 2016 is located on the northeast shore of Lake 438
Hawassa, coincident with the NEIC location of the January 2016 event. It is likely that aftershocks 439 of the relatively large January 2016 event occurred in the following month and should have been 440 detected by our network. This might indicate that the January event have occurred beneath the 441 northern part of Hawassa, coincident with the February activity. 442
The seismicity is distributed in segments that are particularly visible near Hawassa. The segments 443 on the east shore of Lake Hawassa follow the shape of the lake at the surface, indicating that the 444 fault may reach the surface. Most of the seismicity is located directly beneath Hawassa town 445 ( Figures 6A, 7A The distribution of the seismicity around Corbetti volcano is focused at shallow depths (0-5 km 457 b.s.l.) beneath its two main volcanic centres, Urji and Chabbi. The earthquake locations are 458 consistent with a northward propagation of hydrothermal fluids coming from beneath Urji and 459 propagating along a cross-rift, pre-existing structure. Source mechanisms give evidence for a local 460 stress field change due to the inflation of a gas-rich, silicic sill with a small percent of water content 461 in the upper crust. 462
The 10-km thick seismogenic layer beneath Corbetti is thinner than beneath Hawassa where it 463 reaches 16 km, probably due to elevated temperature and fluids beneath the volcano. The deeper 464 events beneath Hawassa are also higher magnitude and are active in swarms along 8 to 10 km-465 long segmented normal faults. The network used in this study detects one of these swarm in August 466 2016 and give evidence for a steep normal fault beneath the town of Hawassa, demonstrating the 467 significant earthquake hazard for its population. 468 469 Acknowledgments 470
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